Introduction
The cornea possesses both stiffness and viscoelasticity properties. Hysteresis is a parameter to describe the biomechanical properties of the cornea [1] . There was no method to determine the corneal biomechanical properties until the use of Reichart ocular response analyzer (ORA) [2] . Both corneal hysteresis (CH) and corneal resistance factor (CRF) are derived using the Reichart ORA, and they were proposed as indicators of corneal biomechanical properties [3] [4] . The device utilizes a brief air impulse to rapidly deform the cornea and monitors the shape of the cornea during deformation by an advanced electro-optical system. The inward and outward applanations induced by the air puff are measured. The two different pressures are averaged to provide the non-contact tonometer intraocular pressure (IOPg). The difference between the two pressures caused by the inward and outward applanation is referred to as CH.
In addition, during the same bidirectional process, corneal resistance factor (CRF) and corneal-compensated intraocular pressure (IOPcc) are also derived by ORA software [5] . CRF was suggested to serve as an indicator of the overall corneal resistance encountered during the measurement process which is related to CH and central corneal thickness (CCT). The IOPcc is a pressure measurement that uses new information provided by CH, and the manufacturer claims that it is less affected by corneal properties.
The primary purpose of this study was to investigate the aging effect on biomechanical characteristics of the cornea in a Taiwanese population. Previous work suggested that biomechanical properties of the cornea decrease with greater age, and we wanted to determine if differences exist in different populations. The secondary goal was to survey the association of CH values with both CCT and refractive errors. The final purpose was to assess possible relationships between ORA parameters and age in a healthy Taiwanese (ethnic Chinese) population.
Materials and Methods
The basic demographic data were recorded in 1875 Taiwanese from January 2006 to July 2009. The study was approved by the institutional review board of Taipei Medical University (Taipei, Taiwan).
CH, CRF, CCT, Goldmann-equivalent intraocular pressure (IOPg), and IOPcc were measured with the ORA. Spherical equivalent (SE) of refraction was also obtained. All measurements were repeated three times for each eye. All Taiwanese (ethnic Chinese) subjects were included. Participants were excluded if they had any previous ocular surgery or corneal diseases such as keratitis, Fuchs' dystrophy, and keratoconus.
CH was measured by ORA. ORA software utilizes CH to derive two additional parameters: IOPcc and CRF. IOPg is also provided by the machine. The eyes of all patients were anesthetized with 1 drop of topical 0.5% Alcaine (proparacaine hydrochloride) before the CCT measurement with a contact ultrasound pachymetry probe included with ORA machine. The probe was placed perpendicular to the midpupillary axis, and the mean of three measurements was recorded. For the purpose of the study, all ocular measurements of the right eye were included in the analysis.
Descriptive statistics and multiple regression analyses were used to assess and compared the relevant factors of CH and CRF. Multiple linear regression models were constructed with CH and CRF as dependent variables and other associated factors as covariates. All statistical analyses were performed using SPSS for Windows, version 16.0 (SPSS, Chicago, IL, USA). A p value of <0.05 or 0.01 or 0.001 indicated statistical significance.
Results
In total, the only right eyes of 1817 subjects were included in the study. The mean patient age was 21.5 ± 17.24 (range, 5.27 -87.8) years, the distribution of the gender was 58.7% female and 41.3% male, and all were Taiwanese (ethnic Chinese). Demographic data are shown in Table 1 Table 2) .
Using multiple linear-regression modeling, we were able to determine the association of CH and CRF with covariates such as age, gender, IOPcc, CCT, and SE ( Table 3, Table 4 ). The tolerance of the regression was >0.1, and the variance inflation factor was <10. Therefore, no co-linearity was found for any parameters. CH was not correlated with age, gender, or SE, but it was significantly associated with and affected by IOPcc, CRF, and CCT. In another multiple linear-regression mode, CRF was associated with and affected by IOPcc, CH, and CCT, but CRF was not correlated with age, gender, or SE. Parameters used in the regression analyses accounted for >3.4% of the variance in the multivariate model. Finally, there was a significant correlation between CH and CRF (R 2 = 0.61, Figure 1 ).
Discussion
CH is a measure of corneal biomechanical properties that can be measured with dynamic bidirectional applanation as used in the Reichert ORA. This device uses an impulse produced by a rapid jet of air to deform the cornea and an advanced electro-optical system to monitor the shape of the cornea during deformation. From previous ex vivo studies, it is known that the stiffness of the cornea increases with age. [6] . Compared to study population from Kamiya and Narayanaswamy [11] [12], the mean age of population, in our and Lim's study was relatively young (21.5 and 13.97, respectively). Further large-scale population-based survey may be required to confirm the relationship between hysteresis and aging in Taiwanese population. According to the literature, CRF is strongly correlated with CCT in normal subjects [2] [8]. CRF is a corneal biomechanical parameter that is independent of IOP. Factors which affect CCT, such as keratoconus and refractive surgery, cause the CRF to decrease [10] [13] . In addition, the CRF significantly increases with corneal swelling after wearing contact lens with the eyes closed for 3 hours [14] . It remains unclear if the increase in CRF is due to an increase in CCT or an increase in IOP. Although clinical applications of CRF are few, CRF may reflect the integrity of the cornea. Therefore, CRF may be an effective indicator for evaluating interactions between corneal viscoelastic properties and the IOP [15] . CRF was reported in normal subjects as 11.0 ± 1.6 mmHg by Kirwan [3] , as 10.1 ± 1.5 mmHg by Kamiya et al. [11] and as 10.1 ± 1.6 mmHG by Narayanaswamy et al. [12] . In our study, the result was 10.6 ± 1.99 mmHg which was similar to their findings.
In addition to CH and CRF, IOPcc is also a new measurement acquired from ORA. In our study, both CH and CRF were correlated with IOPcc. Furthermore, IOPcc was significantly correlated with CCT. Shen et al. found that the change in IOPcc was related to IOPg, but not to changes in CRF or CH after sleeping. They concluded that IOPcc might exclude some biomechanical effects from the cornea and appears to be "independent" if the increase in IOP is true, but they suggested using an intracameral method for further studies [16] . According to our and other studies, we believed that this discrepancy needs further surveys to explain its meaning and its relationship to IOPcc.
Regarding relationships among these parameters, CH, CRF, and CCT are known to be highly correlated from previous studies [7] [17]. Lim et al. found that CH and CRF measurements did not vary with age, gender, or race and were also not dependent on the refractive error or axial length [6] . In our survey, relationships of physiologic impact factors including age, gender, and the refractive error with CH and CRF were analyzed. However, there was no statistical significance of CH or CRF with these factors.
This study had some limitations. First, the gender imbalance may impact the statistical power to determine if a difference exists in the corneal biomechanical properties in males and females. Second, we did not exclude patients with a significant systemic illness such as diabetes which might have contributed to the variation in CH and CRF. Third, corneal problems also influenced hysteresis The selection biases may exist if disease was not diagnosed. Although the population was large enough, these conditions may have influenced the results.
In summary, the relationships of the corneal biomechanical parameters, CH and CRF, as measured by ORA, both showed strong associations with CCT in a healthy Taiwanese (ethnic Chinese) population. A higher CCT was positively correlated with higher CH and CRF values. The results of this study also indicated that CH, CRF, and CCT are related but are not computations of the same corneal biomechanical parameter.
Conclusion
We present basic biomechanical data including CH and CRF in a large Taiwanese population, and these data do not greatly differ from those of other races and other Asian populations. CH and CRF measurements did not vary with age, gender, or refraction. Further research on the roles of CH and the CRF is necessary. Our survey may provide fundamental data in a Taiwanese and Asian population for further studies on corneal biomechanical variations in different diseases.
